Growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) are essential for ovarian follicular growth in sheep, whereas only GDF9 is essential in mice suggesting that the roles of these oocyte-derived growth factors differ among species. At present, however, there is only limited information on the action of BMP15 and GDF9 in other species. Thus, the aim of this experiment was to determine the effect of neutralizing GDF9 and/or BMP15 in vivo on ovarian follicular development and ovulation rate in cattle through active immunization using the mature regions of the proteins or peptides from the N-terminal area of mature regions. Immunization with the BMP15 peptide, with or without GDF9 peptide, significantly altered (increased or decreased) ovulation rate. In some animals, there were no functional corpora lutea (CL), whereas in others up to four CL were observed. From morphometric examination of the ovaries, immunization with GDF9 and/or BMP15 reduced the level of ovarian follicular development as assessed by a reduced proportion of the ovarian section occupied by antral follicles. In addition, immunization against GDF9 and/or BMP15 peptides reduced follicular size to !25% of that in the controls. In conclusion, immunization against GDF9 and BMP15, alone or together, altered follicular development and ovulation rate in cattle. Thus, as has been observed in sheep, both GDF9 and BMP15 appear to be key regulators of normal follicular development and ovulation rate in cattle.
Introduction
The use of sheep with naturally occurring mutations in the genes for the related oocyte-derived growth factors bone morphogenetic protein 15 (BMP15) and growth differentiation factor 9 (GDF9) have demonstrated their essential role in regulating ovarian follicular growth and ovulation rate (Galloway et al. 2000 , Hanrahan et al. 2004 , McNatty et al. 2005b . In mice, the use of 'knock-out' models has shown that GDF9 is essential for normal follicular development with BMP15 regulating the fertilization potential of oocytes (Dong et al. 1996 , Yan et al. 2001 , Chang et al. 2002 . However, the role of either of these growth factors in regulating ovulation rate in mice is equivocal. Recently, naturally occurring mutations in either GDF9 or BMP15 in humans have been linked to infertility, including primary amenorrhea (Di Pasquale et al. 2004 , Dixit et al. 2005 , Laissue et al. 2006 , Kovanci et al. 2007 , and for GDF9, to increased dizygotic twinning (Palmer et al. 2006 ). Thus, one or both of these growth factors likely play a critical role in ovarian follicular development in mammals, although the absolute requirement and specific roles of the growth factors vary between species, potentially related to the ovulation rate quota of a particular species (Moore et al. 2004) .
Sheep that are homozygous for inactivating mutations of BMP15 or GDF9 are infertile with primary ovarian failure (McNatty et al. 2005b) . However, those heterozygous for inactivating mutations of either BMP15 or GDF9 are fertile, with increased ovulation rates (McNatty et al. 2003) . This rather unusual phenotype is related to the function of GDF9 and BMP15 in co-operatively regulating granulosa cell proliferation and differentiation (McNatty et al. 2005a) . Proliferation of granulosa cells of ewes lacking any active BMP15 or GDF9 is insufficient to support the development of the follicle to ovulation (Juengel et al. 2004a) . By contrast, with one gene inactivated, it is postulated that the reduced bioactivity of the growth factors leads to the development of follicles that mature earlier in follicular growth than normal with fewer granulosa cells (Juengel et al. 2004a) . As FSH concentrations during the follicular phase are regulated by the products from these granulosa cells, namely estradiol and inhibin, more follicles develop LH receptors on the granulosa cells and thus advance to a stage that they can survive in the low FSH environment that is induced through the actions of the granulosa cells of the maturing follicles. In this manner, a greater number of follicles ovulate at each reproductive cycle (Juengel et al. 2004a) .
This effect on ovulation rate can be mimicked in sheep by artificially manipulating their levels of BMP15 or GDF9 through active immunization (Juengel et al. 2002 , 2004b , McNatty et al. 2007 . Immunization regimens designed to provide high concentrations of antibodies that will neutralize BMP15 or GDF9 result in a cessation of reproductive cycles with the development of follicles altered from a very early stage of development (Juengel et al. 2002) . By contrast, by selecting an immunization regime to produce a lesser antibody response, enhanced ovulation rates can be achieved, with individual animals ovulating as many as ten oocytes (Juengel et al. 2002) . Thus, active immunization of animals with GDF9 and/or BMP15 is a very useful tool for assessing the potential roles of these growth factors on reproductive function in vivo.
While GDF9 and BMP15 have both been shown to regulate granulosa and/or theca function in vitro (McNatty et al. 2005a , Spicer et al. 2006 , the role of GDF9 and BMP15 in regulating ovulation rate or ovarian follicular development in vivo in cattle is unknown. As with sheep and humans, cattle are a species with a low ovulation rate phenotype, thus if the ovulation rate quota hypothesis was correct, both GDF9 and BMP15 would be expected to be essential for the regulation of follicular growth and ovulation rate. Therefore, the objectives of this experiment in cattle were to explore the role of GDF9 and BMP15 in the regulation of ovarian follicular growth and ovulation rate using active immunization to modulate the bioactivity of the growth factors.
Results

Immune response
Heifers immunized with GDF9 alone (Escherichia coli protein or peptide) had measurable antibodies to GDF9 but not BMP15 (Table 1) , whereas those immunized with BMP15 alone (E. coli protein or peptide) had measurable antibodies to BMP15 but not GDF9 (Table 1) . Heifers immunized with GDF9 and BMP15 had measurable antibodies to both proteins (Table 1) .
Ovulation rate
The ovulation rate of heifers immunized with GDF9 alone was not significantly different from the ovulation rate of the control heifers (Table 2) . Ovulations rates of animals immunized with BMP15 peptide, but not the mature protein, were different from keyhole-limpet hemocyanin (KLH)-immunized control heifers (Table 2) . Some heifers immunized with BMP15 peptide alone appeared not to have ovulated (Fig. 1) , whereas others immunized with BMP15 alone or with GDF9 peptide had increased ovulation rates with four corpora lutea (CL) observed in some animals immunized with both GDF9 and BMP15 peptides (Fig. 1) .
Follicular development
As expected, follicular and oocyte diameters increased as the follicles progressed from type 1 to type 2 follicles. Overall, immunization with BMP15 with or without GDF9 tended to increase follicular/oocyte diameter in type 1, 1a, and 2 follicles, particularly when the peptides to GDF9 and/or BMP15 were used as antigens (Table 3 ; Fig. 2 ). Significant increases in follicular and oocyte diameters in type 1 follicles were also observed in the Table 1 Average optical densities (ELISA data) of bovine sera collected pre-or post-immunization (just before ovarian collection) when measured by ELISA to determine the immunization responses to keyhole-limpet hemocyanin (KLH), growth differentiation factor 9 (GDF9), and/or bone morphogenetic protein 15 (BMP15).
Coating antigen
GDF9 BMP15
Immunization animals immunized with GDF9 mature region, but the mean diameter of type 2 follicles was decreased in these same animals relative to the KLH controls. At the time of ovarian collection, it was noted that animals immunized with BMP15 and GDF9, particularly those immunized with the peptide antigens, had a reduced presence of follicles visible on the surface of the ovary (Fig. 1) . Quantification of the effects of treatment on follicular growth revealed that immunization with GDF9 and/or BMP15 decreased the area of the ovarian section that was occupied by antral space (Table 4 ; Fig. 3 ). In addition, overall, immunization with GDF9 and/or BMP15 antigen decreased the numbers of follicles, and immunization with GDF9 and/or BMP15 peptide antigens decreased the average diameter of the follicle (Table 4 ; Fig. 3 ).
Discussion
Neutralization of either GDF9 or BMP15, alone or together, resulted in alterations of ovarian follicular development in vivo indicating that both GDF9 and BMP15 are likely regulators of ovarian follicular development in cattle. Thus, the roles of GDF9 and BMP15 in cattle appear more similar to those observed in other species with a low ovulation rate phenotype, such as sheep and humans, than species with a high ovulation rate phenotype, such as mice. From previous studies in sheep either immunized against BMP15 or GDF9 or lacking an active BMP15 protein, it is known that the development of follicles is affected very early in follicular development (Braw-Tal et al. 1993 , Juengel et al. 2002 . Likewise, follicular growth is blocked at a very early stage in mice lacking functional GDF9 (Dong et al. 1996) , and increasing the amounts of GDF9 or BMP15 available in vivo increased the growth of small follicles (Vitt et al. 2000 , Shimizu et al. 2004 , McMahon et al. 2008 . In the present study, differences in oocyte and/or follicular diameters of type 1, 1a, and 2 follicles indicate that BMP15 and GDF9 may also regulate follicular growth during the earliest stage of follicular development in cattle. In cattle as in sheep, GDF9 is known to be expressed in type 1, 1a, and 2 follicles (Bodensteiner et al. 1999) , and given that the receptor subtypes are likely to be present in cattle as in sheep (Fatehi et al. 2005 , Juengel & McNatty 2005 , it is perhaps reasonable to assume that the neutralization of GDF9 by active immunization is having a direct effect on follicles at these stages. Oocyte diameter is enlarged in mice lacking an active Gdf9 gene (Carabatsos et al. 1998) and in sheep immunized against GDF9 (Juengel et al. 2002) . In most species, BMP15 is not expressed until the primary (type 2) stage, although the likely receptors for BMP15 are expressed earlier (Juengel et al. 2004a , Juengel & McNatty 2005 ). Thus, it is possible that the effects on follicular diameter observed in heifers immunized with a BMP15 antigen are indirect or a result of BMP15 produced by a more advanced follicle. Another more likely explanation might be that the Table 2 Ovulation rate distributions in heifers at ovarian collection after immunization with keyhole-limpet hemocyanin (KLH), growth differentiation factor 9 (GDF9), and/or bone morphogenetic protein 15 (BMP15). For c 2 analysis, animals were assigned as normal (ovulation rate of 1) or affected (ovulation rate of 0 or O2) with each treatment group compared to KLH control group. NS, not significantly different. classification system for the follicles, which relies on granulosa cell phenotype, could be altered such that follicles that developmentally are actually type 2 follicles would still be classified as type 1 or 1a follicles. An observation in support of this explanation is the presence of abnormal follicles in ewes, which are homozygous for inactivating mutations in BMP15 (Braw-Tal et al. 1993) . In these animals, oocyte enlargement was observed independent of changes in granulosa cell number or morphology resulting in type 1/1a follicles with abnormally enlarged oocytes. Similar structures have also been observed in ewes immunized with either GDF9 or BMP15 (Juengel et al. 2002 , McNatty et al. 2007 ). Effects of BMP15 and/or GDF9 on granulosa and/or theca cell function have been observed in vitro (McNatty et al. 2005a , Spicer et al. 2006 . Granulosa cell proliferation is stimulated by GDF9 and/or BMP15, whereas steroidogenesis is inhibited (McNatty et al. 2005a , Spicer et al. 2006 . GDF9 has also been postulated to have a role in the regulation of the theca, although it has yet to be proven that GDF9 crosses the basement membrane of the follicle. Treatment of theca cells with GDF9 also induced proliferation and inhibited steroidogenesis indicating a potential role for GDF9 in the regulation of theca function (Spicer et al. 2008) . A role for GDF9 in theca function has also been observed in rodent models in vivo (Vitt et al. 2000 , Wu et al. 2004 . Histologically, the most striking feature observed following immunization with either GDF9 or BMP15 was the reduction in the numbers of antral follicles observed, particularly in the peptide-immunized animals. This characteristic was noted macroscopically at the time of ovarian collection and was confirmed by microscopic and morphometric evaluation. The reduction in antral space was associated with both a decreased number and size of antral follicles observed. A decrease in the number of antral follicles, particularly larger antral follicles, was also observed in sheep immunized against either BMP15 or GDF9 (Juengel et al. 2002) . Increasing the amounts of GDF9 or BMP15 available in vivo also increased the growth of small follicles (Vitt et al. 2000 , Shimizu et al. 2004 , McMahon et al. 2008 , indicating a central role for these growth factors in stimulating follicular growth. Figure 2 Photomicrographs of ovarian sections collected from heifers immunized against (A, C, and E) keyhole-limpet hemocyanin (KLH), (B) growth differentiation factor 9 (GDF9) mature region protein conjugated to KLH, (D) GDF9 and bone morphogenetic protein 15 (BMP15) peptides conjugated to KLH, or (F) BMP15 peptide conjugated to KLH. Panels A and B show type 1 follicles of 31 and 35.5 mm diameter respectively, C and D display type1a follicles of 37 and 42.5 mm diameter respectively, and E and F contain type 2 follicles of 53.5 and 63 mm diameter respectively. The follicles presented were selected to represent the approximate mean diameter of their respective groups. Note that follicles from heifers immunized with GDF9 and/or BMP15 overall were slightly larger than those from heifers immunized with KLH (control).
Ovulation rate
In both sheep (Juengel et al. 2002 , McNatty et al. 2007 ) and cattle (this study), many animals continued to ovulate normal or greater than normal numbers of follicles even with an overall reduction in total numbers of antral follicles, suggesting that the follicles that continue to develop are capable of ovulation. It appears that cessation of reproductive cycles requires an almost complete inhibition of antral follicle development and that this was achieved only in a few animals in the BMP15 peptide-immunized group. It is also possible that it takes longer to shut down the development of antral follicles in cattle than in sheep. Studies in sheep immunized against BMP15 or GDF9 show that during the interval to anovulation, animals may ovulate multiple follicles (Juengel et al. 2002 , McNatty et al. 2007 .
In sheep, different antigens and adjuvants have been used to either enhance ovulation rate or to inhibit ovulation through suppression of ovarian follicular development (Juengel et al. 2002 , 2004b , McNatty et al. 2007 . A partial neutralization of GDF9 or BMP15, induced through active immunization with a waterbased adjuvant, increased ovulation rate (Juengel et al. 2004b) ; whereas a more complete neutralization of GDF9 or BMP15, induced through the use of an oil-based adjuvant, caused a cessation of follicular development (Juengel et al. 2002 , McNatty et al. 2007 ). In the present study in cattle, using an oil-based adjuvant and peptides known to be very efficacious as antigens in sheep, the ability of immunization against BMP15 and/or GDF9 to regulate ovulation rate resulted in a variable outcome, with a cessation of reproductive cycles observed in some animals and an increased ovulation rate observed in others. A similar variable outcome was observed in ewes immunized with the E. coli-expressed mature region of BMP15 and an oil-based adjuvant, although very high ovulation rates were often observed in those sheep that continued to ovulate (Juengel et al. 2002) . The variable response in the sheep studies was thought to be, in part, related to the generation of antibodies to different regions of the peptide, with some being more efficacious than others in neutralizing BMP15 and GDF9 notwithstanding the generation of high antibody titers. Further studies assessing the effectiveness of different regions of the mature regions as antigens demonstrated that some regions of the peptides were much more effective than others in inhibiting follicular development, and that this was also related to the length of time the animal had been immunized (McNatty et al. 2007) . Thus, the variable responses observed in cattle immunized with the BMP15 peptide may be related to variations in an animal's response to the immunization protocol, the timing of ovarian collection, or to differences in the roles of BMP15 and GDF9 in regulating follicular growth. It is worth noting that the BMP15 peptide used in this study, which is 100% conserved between sheep and cattle, was the most effective antigen used to inhibit follicular growth in sheep (McNatty et al. 2007 ) and was capable of neutralizing the actions of BMP15 in vitro (McNatty et al. 2007) . One observation that may explain the apparent decrease in efficacy of immunizations against BMP15 or GDF9 to prevent ovulation is the apparent decrease in immune response of cattle compared with sheep. While it is difficult to directly compare antibody responses across species, previous measurements of antibodies in sheep immunized with very similar or identical antigens, which required a R10 000-fold dilution of sera for testing (McNatty et al. 2007 ), compared the 500-fold dilution of bovine sera in the present study. While the use of an ovine antigen in the ELISA could account for some of the difference in the assay, this would affect only the reading of the GDF9 peptide-immunized animals where the peptide contained one amino acid different from the ovine antigen coated on the plate. Given the similar reading for all groups, the differences in antibody titers are most likely related to differences in the amount of antibody formed rather than a failure to recognize the ovine antigen. An alternative explanation could be in species differences in the function of the growth factors. Both GDF9 and BMP15 are known to affect the final stages of follicular development in sheep, as passive immunization against these factors, 4 days before induction of the follicular phase, influenced the maturation of the preovulatory follicle and either inhibited ovulation and/or normal development of the corpus luteum (Juengel et al. 2002) . Currently, it is unknown whether GDF9 and BMP15 play a similar role in the final maturation of the preovulatory follicle in cattle, but it could be postulated that if GDF9 and BMP15 were not as critical to the final stages of follicular development in cattle then neutralization of GDF9 and or BMP15 might have to completely block an earlier stage of follicular development. In support of differing roles of GDF9 and BMP15 in cattle are the observations that the functions of the growth factors in the in vitro bioassays, while very similar, were not identical (McNatty et al. 2005a) . Future studies to enhance immune response as well as better understanding of the roles that GDF9 and BMP15 play in regulating follicular development in cattle are needed to fully address these questions. In summary, immunization against BMP15 and/or GDF9 resulted in alteration of ovarian follicular development in cattle. It is concluded that, as in sheep, both growth factors have important roles in regulating ovarian follicular development and ovulation rate in cattle.
Materials and Methods
All experiments were performed in accordance with the 1999 Animal Welfare Act Regulations of New Zealand. Except where indicated, laboratory chemicals were obtained from BDH Chemicals New Zealand Ltd (Palmerston North, New Zealand), or Sigma-Aldrich New Zealand Ltd.
Immunizations and tissue collection
Post-pubertal Holstein cross-bred heifers (weight 394G3 kg) were allotted to treatment group by weight such that the average weight of each group was similar. All animals had normal ovarian morphology at the start of the experiment as assessed by ultrasound. Heifers (nZ10 per group) were immunized three times at 4-weekly intervals using a Freund's complete adjuvant for the primary immunization and a Span-Tween-Marcol adjuvant for the booster immunizations. Treatment groups consisted of KLH control; 0.4 mg antigen primary and 0.2 mg antigen boosters, E. coli expressed ovine GDF9 mature region conjugated to KLH (0.8 mg antigen primary and 0.4 mg antigen boosters), E. coli expressed ovine BMP15 mature region conjugated to KLH (0.8 mg antigen primary and 0.4 mg antigen boosters), GDF9 peptide (amino acids 1-14 of the mature region of the bovine protein; 0.4 mg antigen primary and 0.2 mg antigen boosters) conjugated to KLH, BMP15 peptide (amino acids 1-14 of the mature region of the bovine protein; 0.4 mg antigen primary and 0.2 mg antigen boosters) conjugated to KLH, and both GDF9 and BMP15 peptide conjugated to KLH (0.4 mg of each antigen primary and 0.2 mg of each antigen boosters). Blood samples were collected at the time of the first immunization and every 2 weeks until the end of the experiment for determination of antibody titers and progesterone concentrations. Estrous cycles of all heifers were sychronized prior to collection of the ovaries using two injections of Estrumate (500 mg, Schering-Plough Animal Health Ltd, Upper Hutt, New Zealand) given 12 days apart. The second injection of Estrumate was given 30 days prior to ovarian collection. Ovaries were collected from heifers at slaughter w2 weeks after the final immunization. At collection, the number and appearance of CL were noted and ovaries were fixed in Bouin's fluid for histological examination. To aid penetration of fixative, two cuts, at right angles to each other, were made approximately seven-eighths of the way into the ovary.
Determination of immune response
Antibodies directed against GDF9 or BMP15 were measured by ELISA as previously described (Juengel et al. 2002) with minor modifications. The modifications were that the antigen coated onto the microtiter plates was 200 ng of ovine GDF9 mature protein or 100 ng of ovine BMP15 mature protein.
While the peptide used for BMP15 is identical between sheep and cattle, that used for GDF9 differs by one amino acid. The mature regions of ovine and bovine GDF9 and BMP15 both share 97% amino acid identity. Sera from heifers were diluted to 1:500. Antibodies were detected using a 1:20 000 dilution of a rabbit anti-bovine IgG.
Determination of ovulation rate
Ovulation rate was assessed by counting the number of CL visible on the surface of the ovary. CL were considered to have regressed (and thus not counted in ovulation rate score) if they appeared non-functional by morphological criteria (small, lacking vascularization, and pale colour) and endocrinological criteria (low levels of progesterone in blood samples collected 2 weeks before and at the time of ovarian collection). Progesterone was measured in a single RIA (McNatty et al. 1981) . The sensitivity of the assay was 0.1 ng/ml and the coefficient of variation was 10.2%.
Assessment of follicular development
Follicular development was assessed on 5 mm histological sections stained with hematoxylin and eosin. Ovaries from five animals (two in the GDF9 peptide group, two in the BMP15 peptide group, and one in the GDF9 and BMP15 peptide groups) were lost during ovarian processing and thus were not included in further analysis. Given the large size of the ovaries, following fixation but prior to embedding in paraffin, ovaries were cut into pieces (approximately six or seven pieces per ovary). A single 5 mm histological section was obtained from each piece of ovary (i.e. six to seven slides were examined from each animal with the sections being from different parts of the ovary). For type 1, 1a, and 2 follicles, the follicular and oocyte diameters were measured in each group. A type 1 follicle contained an oocyte surrounded by a single layer of flattened granulosa cells, whereas a type 1a follicle contained both flattened and cuboidal shaped granulosa cells. A type 2 follicle contained at least one but !2 complete layers of cuboidal granulosa cells around the oocyte. In addition, the percentage of the total area of the section occupied by antral space, the number of antral follicles per unit area of the histological section examined, and the average size (area) of antral follicles were measured on each slide that was examined. Variation in measurements for antral space, the number of antral follicles per unit of area, and average size of the antral follicle due to differing follicular structures represented in each slide were examined by comparing values obtained after analysis of four slides to the final values obtained for ten animals. The average variation between values obtained from four slides and the final values was !10%, indicating sufficient slides were examined to obtain a representative measurement for each animal.
Statistical analyses
Differences in the optical density readings from ELISAs to measure antibodies in sera samples collected prior to immunization and at the time of ovarian collection were compared using a paired t-test. Differences in ovulation rate of animals immunized with GDF9 and/or BMP15 to KLH controlimmunized animals were determined by c 2 analyses following classification of the ovulation rates observed as normal (ovulation rate of 1) or affected (ovulation rate of 0 or R2). Diameters of type 1, 1a, and 2 follicles and oocytes were transformed (natural log) prior to analyses. The percentages of the ovarian section occupied by antral space were arc sine transformed prior to analyses and the numbers of follicles per unit area and average follicular area were transformed (natural log) also. Differences among groups were assessed by ANOVA followed by Fisher's least significant difference method using the Minitab 15.1 programme. The means and standard errors of the mean of the untransformed data are presented.
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